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INTRODUCTION C1

The objective of the first year of this study was to demonstrate the
magnitude of the effects of hydrostatic pressure on the A, adenosine receptor -
G, protein - adenylate cyclase system. To this end, we have set out to 1)
optimize the conditions for the adenosine agonist binding assays; 2) optimize
the conditions for adenylate cyclase assays; 3) examine ADP- ribosylation of
G protein substrates by pertussis toxin under varied conditions, and 4) to survey
these systems for susceptibility to perturbation by hydrostatic pressure.
Experiments were designed to demonstrate the magnitude of any pressure effects
and establish the suitability of this receptor-effector system as a model for
studies of pressure effects on membrane signal transduction processes. We have
focused our efforts on preparations from two congeneric marine teleost species
which have similar life histories, experience similar temperatures, but differ
in their depth distributions as adults. These two species of the genus
Sebastolobus have served as a model system for studies of adaptation to
hydrostatic pressures characteristic of the marine environment (e.g., Siebenaller
and Somero, 1989). Our results indicate that the A, adenosine receptor - Gi
protein - adenylate cyclase system is sensitive to perturbation by hydrostatic
pressures as low as 136 atm (the lowest pressure above 1 atm which we have tested
to date), and that the magnitude and direction of the perturbation differs among
species.

MATERIALS AND METHODS

Specimens, Demersal adult Sebastolobus alascanus and S. altivelis
(Scorpaenidae) were collected by otter trawl at their depths of typical abundance
by otter trawl off the coast of Oregon on cruises of the R/V Wecoma. Tissues
were dissected and frozen in liquid nitrogen at sea and transported to the
laboratory where the tissues were maintained at -800C until used. S. aiascanus
is common between 180 and 440 m; S. altivelis is typically found between 550 and
1300 m.

Additional experiments were performed with brain tissue from demersal adult
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Antimora rostrata (Moridae) taken by otter trawl between 850 and 2500 m off the
coast of Newfoundland, Canada. Rat brains were obtained from Pel Freez (Rogers,
Ark).

Pressure apparatus. The high pressure vessels, pump and guage are described
in Hennessey and Siebenaller (1985) and are modeled after those described by
Zobell and Oppenheimer (1950).

RESULTS

1) Conditions for adenosine agonist binding assays
At atmospheric pressure, the effects of temperature on agonist binding to

the A1 adenosine receptor in brain tissue of 8 vertebrate species with body
temperatures ranging from 1 to 40% have been studied (Siebenaller and Murray,
1988). Kd values for the agonist [3H]cyclohexyladenosine ([3H]CHA) vary 30-fold
among the species at a measurement temperature of 5*C. At temperatures
approximating the cell temperatures of the species, there is only a 4-fold range
of values (Fig. 1). Binding entropies were positive for all species; values
were largest for the warm-adapted species and smallest for the deep-living
fishes. The density of receptors (B ) was relatively insensitive to
temperature variation (Fig. 2). In addition, the structure activity profiles
of adenosine agonists in cold-adapted species (at a measurement temperature of
50C) are similar to the profiles obtained at higher temperatures (e.g.,
Siebenaller and Murray, 1986). Thus despite the perturbation by low temperatures
of agonist binding to mammalian and avian A1 adenosine receptors, agonist
recognition and binding properties of the A1 receptor have been retained in
vertebrates adapted to body temperatures from 1 to 40'C. These adaptive trends
mirror those noted in prior studies of soluble enzyme homologs and muscle actins
from species adapted to different temperatures (e.g., Siebenaller and Somero,
1989).

In addition we have undertaken the characterization of binding of the
antagonist 8-cyclopentyl-1,3[3H]dipropylxanthine ([3H]DPCPX) in cardiac membrane
preparations from the SebasJolobus species. Based on the results summarized in
Table 1, we have developed a routine method for the preparation of piscine
cardiac membranes. Following homogenization in buffered 0.25M sucrose, the
homogenates are centrifuged at 4,000 x g for 10 min. The resultant supernatant
is then centrifuged at 48,000 x g for 20 min. The supernatant is then discarded
and the pellet (P2) resuspended in 25 mM imidazole (pH 7.2 at 220C) and again
centrifuged at 48,000 x g for 20 min. This pellet is resuspended in 25 mM
imidazole and used directly in radioligand binding assays. This membrane
preparation exhibits a 3 to 4- fold enrichment in [H]DPCPX binding sites as
compared to the crude homogenate. As a consequence of the relative enrichment
in A. adenosine receptor sites, this membrane preparation provides an adequate
signal to noise ratio for [3H]DPCPX specific binding. The density of [3H]DPCPX
binding sites in these membranes is comparable to that observed in porcine and
chicken atrial membranes (Leid et al., 1988; Blair et al., 1989). This
preparation will therefore allow an assessment of the influence of pressure on
A adenosine receptor - G protein coupling in Sebastolobu cardiac membranes.
T is will permit us to determine whether pressure related differences in agonist
binding to brain Al receptors generalize to heart receptors. Given the
significance of endogenous adenosine as a physiological regulator of cardiac
function (e.g., Murray et al., 1989), the results of these studies may have
important implications regarding the cardiovascular sequelae of deep diving.



Table 1. Distribution of [3H]DPCPX binding sites in piscine cardiac membrane

preparations.

Preparationo [3H]DPCPX BOUND (fmol/mg protein)

crude homogenate 1.9
P1 (4,000 x g) 1.2
P2 (10,000 x g) 4.0
P3 (48,000 x g) 7.5

' Whole heart homogenized in 0.25 M sucrose containing 10 mM EDTA and 10 mM
Tris-HC1, pH 7.6 at 220C, using a Dounce homogenizer.

2) Conditions for adenylate cyclase assays
We have performed a series of experiments at atmospheric pressure and 50C

to determine optimal concentrations of the components in our assay of adenylate
cyclase. Specifically, we have determined the concentrations of membrane
protein, guanosine triphosphate (GTP), magnesium and sodium chloride, both with
and without the adenylate cyclase-activating diterpene forskolin which yield
maximal reaction velocities and sensitivity to Al adenosine agonists (e.g., Fig.
3). Typical reaction conditions are described in the legend to Fig. 4 which
illustrates a time course of the adenylate cyclase reaction in brain membrane
preparations from the $ebastolobus species. Using our reaction mixture at 50C,
the reaction velocity is linear with respect to time for at least 180 min.

3) ADP-ribosylation of G protein substrates by pertussis toxin
Guanine nucleotide binding proteins function as signal transducers in plasma

membranes, coupling receptor occupancy to adenylate cyclase activity. The alpha
subunit of the inhibitory G protein (G,) is specifically ADP- ribosylated by
pertussis toxin (islet activating protein). The petussis toxin substrate in j.
altivelis brain membranes is approximately 10-fold more susceptible to to
[3 P]ADP ribosylation than that of S. alascanus (Fig. 5). This increased
labeling in S. altiveljtI membranes could be due to the conformation of Gi, an
increased amount of the alpha subunit, the intrinsinc structure of the alpha
subunits, or the availability of the beta-gamma complex of the G, heterotrimer
within the membrane.

4) Survey of the effects of hydrostatic pressure on the A1 adenosine receptor -
G, protein - adenylate cyclase system
For incubations at elevated pressures, samples are transferred to polyethylene
tubing. The tubing is then trimmed to exclude air bubbles and sealed using a
pipet heat sealer. For the adenylate cyclas; assays we use [3H]cAMP as an
internal standard to monitor the recovery of [P]cAMP through the sealing and
incubation and through tle column chromatography steps isolating the
[ P]-labeled cAMP from the [P]ATP following Salomon et al. (1974). Samples are
incubated in high pressure vessels which are maintained in a refrigerated
circulating water bath. Incubations are for 120 min or more so that the
approximately 2-4 min required to seal and pressurize a group of 4 samples and
the 2-4 min to remove the samples are not a substantial fraction of the entire



incubation time. Samples sealed and incubated at atmospheric pressure have
adenylate cyclase activities identical to samples which are simply incubated in
test tubes. The pressure of the incubation vessel is tested prior to termination
of the assays.

We have used this system to assay hydrostatic pressure effects on A
receptor - sensitive adenylate cyclase activity and on ADP-ribosylation ofG
proteins. Thus far we have employed hydrostatic pressures of 1, 136, 272 and
408 atm. These pressures were chosen either to approximate the pressures
experienced by the species in situ (see below), or in the case of the highest
pressure chosen, to magnify any pressure sensitivity. Al1 of the elevated
pressures we have employed have affected the A, receptor - adenylate cyclase
system.

Our pressure studies to date have included three teleost fish species,
Sebastolobus alascanus (Scorpaenidae) (common from 180-330 m); S. altivelis
(Scorpaenidae) (440-1300 m); and Antimora rostrata (850-2500 m). We have also
begun studies using membrane preparations from rat (Rattus rat u) brain.

Our initial pressure experiments have focused on (1) the effect of
hydrostatic pressure on basal adenylate cyclase activity and (2) the effects of
pressure on the pattern of inhibition of adenylate cyclase by the Al receptor
agonist cyclopentyladenosine (CPA). For both of the species of Sebastolobus all
of the elevated pressures tested inhibited basal adenylate cyclase activity.
Adenylate cyclase activity was inhibited 11 to 25% by 136 atm of pressure, and
29 to 41% by 408 atm pressure. The degree of inhibition by pressure was
dependent on the ionic strength of the assay medium. Under low ionic strength
conditions, the apparent volume changes associated with the pressure-inhibition
of adenylate cyclase activity average 23 and 34 ml mol" for S. alascanus and SL
altivelis, respectively. Results of individual experiments are illustrated in
Fig. 6. In contrast, the adenylate cyclase from the deep-living fish, Antimora
rostrata, assayed under identical conditions is unaffected by pressures up to
272 atm, the highest pressure tested to date with this species. The apparent
volume change for the adenylate cyclase reaction of this deeper living species
is 0 ml mol".

At atmospheric pressure, 0.100 mM CPA substantially inhibits adenylate
cyclase activity (see Fig. 6). For S. altivelii, 408 atm pressure appears to
reverse this inhibition. In contrast, for S. alascanus, increased pressures to
408 atm do not appear to affect the pattern of CPA inhibition of adenylate
cyclase (Fig. 6). The mechanisms underlying this differential effect of
hydrostatic pressure on CPA inhibition remain to be elucidated, and our future
effects will address this. The possibility that the differences between the two
species are due to an enhancement of the A2 adenosine receptor or an enhancement
of the efficacy of G - adenylate cyclase interaction in S. altivei will be
investigated in further studies. In experiments with the deep-living A.
rostrata, the agonists CPA and 5'-N- ethylcarboxamidoadenosine (NECA) were tested
at atmospheric pressure and 272 atm pressure. Increased pressure either had no
effect, or increased the efficacy of the agonists in inhibiting adenylate cyclase
activity, again contrasting with the patterns observed for the Sebastolobus
species.

We have initiated experiments testing the effects of hydrostatic pressure
on adenylate cyclase activity in rat brain tissue using the protocol developed
for piscine adenylate cyclase. At 50C, hydrostatic pressure inhibits basal
adenylate cyclase activity to a much greater extent than that observed with the
fish membrane preparations. Application of 240 atmospheres of pressure causes
a 55.6% ± 2.6% inhibition relative to the activity at atmospheric pressure (4
experiments); 340 atm inhibits basal activity 65.9% ± 4.7% relative to



atmospheric pressure (3 experiments). Under conditions of elevated pressure,
the adenylate cyclase retains sensitivity to modulation by CPA. We are planning
experiments to determine whether such dramatic inhibition of adenylate cyclase
is apparent at lower pressures, in the range of 10 to 100 atm, and to determine
the influence of temperature on this inhibition.

The effect of 408 atm on pertussis toxin catalyzed [32P]ADP- ribosylation
of the alpha subunit of G, in the Sebastolobus species was investigated. At
atmospheric pressure membrane preparations from S. altivelil incorporate 10 to
15 times more label per unit membrane protein than do preparations from j.
alascanus (Fig. 5). This pattern is dramatically altered by incubation at 408
atm pressure. There is a slight decrease in labeling of the S. altivelis
preparation relative to the 1 atm results. At 408 atm the labeling of the .
alacanus preparation increases approximately 10 to 20-fold, to a level
comparable to that of the S. altiveliU membrane preparations. Interestingly,
there appears to be a suggestion of ADP-ribosylation in the absence of pertussis
toxin catalyst at 408 atm (Fig. 5). Further studies of this dramatic effect
of pressure on the susceptibility of G protein alpha subunits to ADP-ribosylation
are planned.

CONCLUSIONS

Our initial studies of the effects of elevated hydrostatic pressure on the
A, adenosine receptor - G, protein - adenylate cyclase complex in central nervous
tissue indicate that the components of this system are markedly susceptible to
perturbation by pressure increases, and the magnitude and direction of the
perturbations differ among species.
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FIGURE LEGENDS

Figure 1. The effects of temperature on Kd of (3H]CHA. Filled square: Rattus
rattus; open square: Gallus domesticus; open inverse triangle: Epinephelus
fulvus; open triangle: Sebastolobus alascanus; open circle: Macrourus
berglax; filled triangle: S. altivelis; filled circle: Coryphaenoides
rupestris; filled inverse triangle: Antimora rostrata.
[From Siebenaller and Murray, 1988]

Figure 2. Effects of temperature and 5 mM MgC12 on B values of (3H]CHA for
Coryphaenoides ruDestris, Macrourus berglax and da'flus domesticus brain
membranes. Open bars: no added MgCl ; filled bars: 5 mM MgCl2. Means of at
least two experiments are shown; the standard error for each individual estimate
of B. is less than 9%; replicate estimates of Bx differ by less than 10%.
[From-%iebenaller and Murray, 1988]

Figure 3. Concentration response curve of GTP dependence of the CPA inhibition
of adenylate cyclase. Incubations were at 50C. Incubation conditions are as
described in the legend to Fig. 4. A. Sebastolobus alascanus B. Sebastolobus
altivelis.

Figure 4. Time course of the adenylate cyclase reaction at 50C with brain
membranes from Sebastolobus alascanus and S. altiveli. Membranes were prepared
by homogenization with a Dounce in 100 volumes of 10 mM HEPES, pH 7.6 at 50C, 1
mM dithiothreitol. The homogenate was centrifuged 27,000 x g for 10 min, the
pellet resuspended in 100 volumes and centrifuged. The pellet was resuspended
and brought to 7.5 international units adenosine deaminase ml" and incubated at
18°C for 30 min. The mixture was chilled on ice, centrifuged and the pellet
resuspended for use in the assays. The incubation mixtures contained in a volume
of 0.15 ml: 51 mM HEPES, pH 7.6 at 50C, 100 mM NaCl, 3.4 mM magnesium acetate,
0.20 mM papaverine, 0.10 mM cAMP, 0.5 mM 2-deoxy ATP, 0.01 mM GTP, 7.5
international units of adenosine deaminase ml" , 1.3 mg ml" phosphocreatine, 0.7
mg ml"' creatine phosphokinase, 1.1 mg ml" Balitracin, 0.1 mg ml"' soybean
trypsin inhibitor and approximately 10,000 cpm [ H]cAMP per tube.



Figure 5. Autoradiogram of pertussis toxin catalyzed [32p]ADP ribosylation of
G protein substrates in Sebastolobus brain membrane preparations. Samples were
prepared in 100 mM Tris-HCl, pH 7.6 at 50C, 0.3 mg ml"  soybean trypsin
inhibitor, 3.4 mg ml" Bacitracin. Incubations were at 50C, at 1 or 408 atm.
Final concentrations of constituents were: 100 mM Tris-HCl, pH 7.5 at 50C, 25
mM dithiothreitol, 0.1 mM GTP, 2 ug activated pertussis toxin, 25 to 50 ug
membrane protein and 5 uCi (approximately 10 uM) [32p]NAD.
Lane 1: Sebastolobus altivelis, minus pertussis toxin (PT), 408 atm.
Lane 2: S. altivelis, plus PT, 408 atm.
Lane 3: H20 control, no tissue, plus PT, 408 atm.
Lane 4:S. alascanus minus PT, 408 atm.
Lane 5: S. alascanus plus PT, 408 atm.
Lane 6: S. altivelis plus PT, I atm.
Lane 7: S. altivelis minus PT, I atm.
Lane 8: H20 control, no tissue, plus PT, 1 atm.
Lane 9: S. alascanus, minus PT, 1 atm.
Lane 10: S. alascanus, plus PT, 1 atm..

Note that in this xerox reproduction of the autoradiogram that the faintly
labeled 41,000 molecular weight band in lane 10 is not apparent. The 41,000
molecular weight band in lane 2 was reproduced somewhat better.

Figure 6. The effects of hydrostatic pressure on basal adenylate cyclase
activity (-CPA) and A adenosine receptor inhibited adenylate cyclase activity
(+CPA). The concentration of CPA used was 0.100mM. A. Sebastolobus alascanus.
B. S. altivelil. Incubation conditions as described in the legend of Fig. 4.



FIGURE 1

30

FIUR 22

300

0-

m0 A n hrl---

TE1F; A Ti11R

C 700sri M.UR 2ega .domsiu

A



FIGURE 3

- A. se- Cszolcous CZcsCanus

1.300-

1.0c0

*-730 -C

~~CD

S 1*o.~. F-w

EGM



FIGURE '4

200 -S S.ctie~

-. 0 I

06

-1I Omn



FIGURE 5

LANE

-5 g6 70

ORGN -

MW 4, 000 -



FIGURE 6

A, S. ciascanus

1.0 W - CPA
.CPA

C.

. L citiveis

1.0 - -CPA

CAP

w

0.--

Q

L.

< 0.0.

1 405

PRESSURE (at,-)



DISTRIBUTION LIST

Program on Macromolecular and Cellular Effects of Pressure

INVESTIGATORS

Dr. Rodney L. Biltonen Dr. Lou Reinisch

Dept. of Pharmacology Laser Biophysics Center

University of Virginia F. Edward Hebert School

Charlottesville, VA 22908 of Medicine
4301 Jones Bridge Road
Bethesda, MD 20814-4799

Dr. P. A. George Fortes Dr. Joseph F. Siebenaller

Department of Biology, C-016 Dept. of Zoology and

University of California Physiology

La Jolla, CA 92093 Louisiana State University
Baton Rouge, LA 70803-1725

Dr. Hans Frauenfelder Dr. Anne Walter

Loomis Laboratory Dept. of Physiology and

University of Illinois Biophysics

1110 West Green Street Wright State University

Urbana, IL 61801 Dayton, OH 45435

Dr. Perry M. Hogan Dr. William B. Weglicki

Department of Physiology Division of Experimental

State University of New York Medicine

Buffalo, NY 14214 Ross Hall, Room 409
2300 Eye Street, N.W.
Washington, DC 20037

Dr. Thomas F. Murray
College of Pharmacy
Oregon State University
Corvallis, OR 97331-3507

Dr. Richard B. Philp
Dept. of Pharmacology & Toxicology
The Univ. of Western Ontario
Medical Sciences Building
London, Ontario, Canada N6A 5C1

Dr. Shalom R. Rackovsky
Department of Biophysics
University of Rochester
School of Medicine and Dentistry
602 Elmwood Avenue
Rochester, NY 14642


